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The Mars Rover has boon built, envirorlmentally  Iestod and qualified for
the 1996 launch  far the Pathfindr  mission to Mars. 1 he basic structure for the
thermal control for the Mars Iiovor is the Warm [ Iectronics  130x (WEB). This
consists of a thermal isolating cx)r~lprx’to  structure with co-c:ured  thermal control
surfaces and an ultralightwoigtd  hydrophobic solici silica aerogel which
minimizes conduction and rac!iali[ln, ‘“I his design provides excellent thermal
insulation at low gas prcssurcf. fi,nfi meets the structural requirements for
spacecraft launch loads and for a G() g impact landing at Mars without damage
to the insulation or structure. ‘1 II(: Ihctrllal  design was a ctmllenge due to the
significantly diverse conditicms  (illring  cwise and Mars surface operations, and
restrictions placed on the F{ovor t Iy tt~{! Pathfinder Iancier.  ‘1 he thermal design
includes three 1-Watt ra(iioiscltopc t~cating units (F{t{U’s),  heaters on the
batteries and the modem, wt~ictl  ore insicic  the WEB,  heaters on external
motors, and a deliberate ttjerrll~]l  twit leak to ttw F’athfin(ier  lander structure
during cruise through an attachm(’nl po, lhe rover design Ilas been thermally
qualified in a series of both sto[i(: []l[d transient thernlalva.cuurn  testing in
vacuum and 8 torr pressure cnvitont~lents  simulating all Mars and space
cruise environmental conditic}l}s, Inclmied was an 8 tc)rr pressure test that
simulated the expected wind con(iitions;  on the Mars surface. The Mars F?over
has completed all environmerd[il  ;K:cx![)tance  testir~g  and is undergoing system
integration testing with the Patljfjr]cicr  l;ir~der.

Introduction

The Microrover  Flight t xpctir~j(r)t  (MFI X) is parl of the scientific and
engineering payload for ttjo Miir:; l’a!l~finder mission tc) explore the Martian
surface. The Pathfinder missicjrl  is intended 10 provicie  an engineering
demonstration of key technologies and concepts fc)r the future exploration of
Mars employing surface Iarrc.fc!rs  arid rovers. The mission is scheduled for
launch in December 1996 orI a l“)clta II expendable Iaul)ch vehicle and is
expected to land on Mars on July 4, 19!)’7.  Uporl arrival  at Mflrs,  the pathfinder
spacecraft wil l  aerobrake throu{jt] ttl[! Mariiarr atmosptwre  protected by a
heatshield, deploy a parachute, fire retrorockets, and Iarld c]n airbags to
dissipate the remaining entry volcxity  for a controlled landing on the Mars
surface. The Mars Rover will Ihetl ho (ieploycd  fclr its mission to explore the
Mars surface. Its primary exi~lort~tiorl  ~hase is to be cornplc:ted  in 7 Martian
days, with an extended rnissicm  f]c)al of 30 days, A picture of the full rover
system is shown in Figure 1. 1 t~is p~~~jer will discuss the integrated thermal
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design of the rover and the qwllifc;dio!) testing in a simulatcci  Martian surface
environment.

The Mars rover is Iimitcd to a Icd:il  mobile mass of 11 .(1 kg, including the
Alpha-Proton X-ray Spectrometer (AI)XS) scientific instrument, ten engineering
experiment packages and an im;]{.lirl{~  system. 1 he basic WEI13 structure is
contained within a volume of 340 nlm by 275 mm by 150 n]m. l-he deployed
rover size is 650 mm by 470 rrln~ by 320 mm, tt will tlave autonomous
navigation, using a pair of wide a!Iglc lrnaging canmras for obstacle detection
and avoidance. It’s mobility will bc i)rovdeci by a six wheel drive,  rocker-bogie
suspension system. It will mair~tain  two way contac:t  wit!] tho F’athfinder  lander
via an ultra-high frequency (Ul {F ) Iir}k with the Iancier.  Pcjwcr  will be supplied
from a single 0.20 m2 GaAs so!ar  p;inc! that will provide a peak power of 16
Watts and a non-rechargeable battery system  that can provide 150 W-hr at 50
YO depth of discharge. The Mars I kwer thermal subsystem consists of a Warm
Electronics Box (WEB), three lil W Ilwi![!r  units to provicie  a constant 2.9 Watts
heat input, and various heater clerllents on ttIe batteries, mociem and actuators.
The WEB must vent the air pressure  dllllr~g launch, survive launch and landing,
and meet strict planetary protccti[ln shindards. 1 he WEE) also has electrical
cabling passing through tt~e c:ablo Wrlnel to connect with the solar array,
motors, charge couple device (CX.;  [ )) comeras, lasers, the drive system and
other external experiments. “rho hL;IIs  f wet ciesign cievelopecf  from the need to
meet conflicting thermal rec~uircrtlf!nls,  ttle need tc) stay  wittiin a system mass
allocation without giving LJp furlctiorlali!y and the mc~uirement  to stay within a
small volume envelope.

The overall thermal systcII\  rc(]~.]iren-lents  are baseci on the internal
temperature requirements of ttw ok!clforric compclnents  ciuting the different
phases of operation environ met~ts, “I tic Mars Hover utilizes standard industrial
and military electronic cclmporm~]ts  l’ased  on military specifications, the
electronics are designed to opcrato irl tlic range between -t/-40c’C. These limits
are additionally constrained by Itl[! t}:dtery temperature requirements. The
batteries are to be maintainc?ci  at 40” C or less for the 3 n-mr~ths at the launch
pad, 30°C for 8 months durir~g  cruitm,  aI Id -3(lc)C to 55°C (with less than 5 hours
per day above 40°C) on the Mats surlacc.

The proposed landing site lot tli[: Pathfirlder  missic)n  is a rocky plain in
an area known today as Ares Vallis. “1 Ile site is 850 kilonwters  (527 miles)
southeast of the location of Vikin[l 1. ;irl[ior  1, at a latitude clf 15 degrees North.
For this northern latitude arid tt]e [Jl;~n{is  location in its orbil,  the mission will
arrive in the equivalent of late s~~rillg 1 tlere will nc)minally  bo a 12.5 hr period
of sunlight, with a peak sc}lar irlsolotlon ranging from 475 to 550 W/m2,
depending on the atmospheric: opaci~y. I he atmosphere is nominally 8 torr COZ
gas, with average surface wind ttmt  n~ay range from 0.2 to 1 m/sat night, and up
to 4 mLs during
temperatures are

the day. ‘l-II(!  ox~wi,ed diurnal surface and atmospheric
expected to rar]g][ frc)n! a high clf -23’”C to a low of -83 ‘C. The



diurnal thermal profile is showr~ ir~ f igut[’ 2. The Mars Rover mission operation
scenario is driven by the Martian cr~virorlmerlt  and the power limitations on the
Rover for heat generation. F’tirl]:,ry  internal heal is provided by the 2,9 W
provided continuously by the RI IU’s, Power is provideci by the solar array and
is used internally for electronic: components, and externally for motor and
steering drive mechanisms, fclr lti[ lasers and cameras for navigation, and for
the operation of the APXS. No twltory  power will he used tc) maintain internal
temperatures as it is reserved for crno!<~ermy surge and nighttime operations.
The dissipated heat from ttw clcctrtjnics  provides the second significant source
of internal heating during the ck]y. ““l here is a film heater’ on tho internal modem,
to provide heating during early r~lornirq Ieleconlmunications.  If needed, excess
solar power can bo shunted, via Iilu] Ilcaters, to Itlo batteries, which are the
most significant thermal mass in tl~e WI B and to the external actuators if early
morning driving is necessary.

The most significant ttwrlnal  ciesgn fe:itures of the WEEI arise not from
the electronics range Iimitatic)ns  wt~ilc  on Mars, but the that these temperatures
must be maintained during Itw r~lof]y different thermal erwirc)nments  on the
Rover’s journey to Mars

There are 5 distinct ttwrrrml c~lvironrnents  in whicd] the Rover must
endure. They are ground opcratlor)s before and after ttl;!  integration of the
RHU’S; during cruise inside the I ‘;:tt]flr~der  lander; the first ciay on Mars when
the Rover is still attached tc) tho Iancior,  and primary mission phase of the
exploration phase on the Martiat] sutiacc  These five phases of operation drove
the design and characteristics of the MOIS  Rover. [)iffererrt  mechanisms of heat
transfer dominate during eac:h of II-I(!SC five distinct  thermal environments. On
Earth, convection and corvductiorl  in :j Vvar’ni  er~vironrrlent  are the primary
mechanisms to maintain the systcm  willlin  the temperature limits. The concern
for ground handling operations is. that the Rover batteries might become too
warm in the interim prior to la.ur~ch  after the FU+U’S  have twen installed. This will
be alleviated by special air con[iitic]n:ng  during ground operations. During
cruise, the thermal coupling to ttw tola!ively warm Iancler is nominally through
radiation. There is no convecticlfl  in tho vacuum erwironnwnl,  and the launch
attachments have a nonconductive li~~k 10 the WEt3. The Fiover  may become too
hot dl]e to the warm envirorlmorlt  :ind poor Itmrnal connectivity in the
Pathfinder lander structure. ‘1 his cirove ~lle clesign  fc)r a conductive link from the
Rover to the lander petal. l“hc I’altdirlder  lander will t-rove an active cooling
system to remove waste heat during cl~lise  (1 ,2). 1 his is Ille primary thermal
link of the F+over  with the L.ancier. “1 Ili:rc IS no power or other direct electrical link
with the Rover to the Lander. “1 Ilis tllcrr[]al  link poses a potential problem for the
first day on Mars, The Rover is exp[!cled to still be attached in its stowed
position to the Lander for up tc} WI I]ours after Iancling c)n Mars. In this
configuration, the thermal link IS :{till in place, and the Iinka.ge acts as a large



thermal heat sink/convective flrl pric]r  to the Rover being released for its
operations on the Martian Surlacc ‘I hi:. resulted in the first night on Mars to be
the coldest conditions the Flov[!r  h;is to endure. OrI Mars at 8 torr atmospheric
pressure, the wind from the C(17 c~lvirorlrl~ent  is still in the free continuum region
and induces convective heat oxcharigo. tleat  is also exchanged through
radiative transfer between the rover and deep space. ~“hese different
environments and heat transf~:r  ri~ech{:llisms brought nmrly  challenges and
concerns.

Mars provides a challerqirlf!  Iimrrnal environment that is in a region of
thermal transport that has not tlc!crl  well studied. It is also a regime which is not
often encountered on terrc]stri;il  ~ippli[[]tior]st ancl is very different from the
vacuum environment all spacccraf{  c[lcounter. ‘1 he 8 torr C07 environment falls
in a transition regime between ttw cunllrwurn  regime (50 torr and above) and
the Knudsen free molecular cor~d(]cticl[l  regime (1 torr and below). There has
been a l imited amount cjf ovalu{di(lr] of insulation materials for these
environments. Wilbert, et.al. cor)chmld  ii study for NASA’s 1976 Viking lander
that evaluated foam insulation, f(tlrous, powders and multilayer insulation (MLI)
for thermal control (3). l’hc rwsult of tllid study was tlw primary use of several
inches of foam insulation and scjrlle  Ml I on the Viking Landers. Other studies
of thermal control in that time pericjd as:.(lmed  a foam insulatic)n of 3 to 4 inches
thick for potential Mars surface rnis:jions (4,5). A mcjte rec:ent study revisited the
issue of Mars thermal control iird {}valuated  additional porous fiber and
particulate insulation(6). T his bulky  anti mass intensive approach for thermal
control continued for the Pattlfirlcler  l~ind(:r, which will use 2 irlches  of 5(I mg/cc
foam enclosed in a compcxiito  Ilc)rleycolnb  shell.  All these systems or studies
consider stationary landers ancj do tlclt Ihavc tile mass and volume limitations
that rovers do. Furthermore, Iargot  Iorld[!rs have much  more favorable thermal
mass or volume to surface arw rajicj’s making ttlerrnal cc)ntrol  much easier
given the Martian diurnal cycle, In adc~ition,  stationary Iarickrs have the benefit
of greater power generation throuqll  d{ployed solar array panels. The MFEX
Rover was the first system to flllbj ( c)rlsi(iur the unique physical constraints of the
Martian environment. Early in ttlc flrclgr[:fn  various insulation c:oncepts  such as
foams, fibrous insulation, vacuur]l  jacketed enclosures, and opacified powders
were studied before settling on lIIC u:,c: of 15 to 20 rng/cc monolithic silica
aerogel for thermal contrc]l. ‘1 II(: dcicloprnent arid char~ic:terization  of the
aerogel design of the MF [ X Wi:rln [ Iectrc)nic  I1OX (WI [~) is d iscussed in
Reference 7.

The use of aerogel for ttletmal contrc)l  cjn h4ars considers the thermal
transport limitations for the Irarlsiiior] between tho cc)ntinuum  and free molecular
regime. The effective thern]al c;onduc!;jnce  of an insulative system consists of
two components, the solid cc~rlc{u[:t;]nce-r  adiative  cc)rnponer)t  (independent of
pressure) and the convective comix]r~[;!}l, C~as cc)nciuctance  depends on the
mobility inside the voids c~f a ni:]t(:ri:ll, and is govcrneci  by the relative
dimensions and connectivity of tho O[)CII  volunw and the gas rr~ean free path. If



the interstitial space between rl];ltcrial (whether they be voids, particles or
fibers), becomes smaller than tlic rilcan Irwe path of the gas within the
insulation, the mechanism for gas tri~r]sl)ort  shifts from the cordinuurn  regime to
free molecular conduction in the Knudsen regime. ‘i he mean free path of a gas
is inversely proportional to the ges pressure. I or C(}Z a! 10 torr, the mean free
path is approximately 3 to 5 microns iri the temperature range from - 90°C to
25°C. Solid aerogel has pc)re dir)l[!r~sic)ris  6 ICJ 11 nanometers. 1 tlis means  that
the effective gas conduction within ttle aemqel is a fraction of value in the
continuum regime, and is cionlirlal[?[~  by the t:o~ldllc:tiv~)  -rfjdizitive  component of
the silica aerogel structure. Sirlcc  lc)w density acrogels  are 80 to 90% open
cells, direct conductance is nlin~rn~zcci, Elecause of the higt) void fraction and
the resulting weak mechanical ~lropcr[ies  of low density aerogeis, thermal
control had to be designed ar@ [rd[grateci  intc}  the lightweight supporting
structure. This basic integrated sttl.lclurc  and thermal insulation design became
the basis for the WEB. Ttw thctmal  conductivity of the aercrgel integrated
structure design is listed in “1 able 1.

This Mars rover utilizes a SIW(II  and spar design for the WEB. This
integrated structural and thermal CIosigrl is corriposeci  of a set of E;-glass/epoxy
structural members, with eactl volllr~)c)  filled witti  low density solid silica aerogel
insulation. The thickness and ttlcfefc)ro  strerlgth  c~f the facesheets and spars
were varied with location cln the Wi. II 10 oplimize stiffness and reduce mass.
Facesheets varied from 12 tc] 2(1 n Iil gli:ss-epoxy,  and were COCIJred with a film
to provide the desired ernissivity.  “1 h[ exterior surlace is covered with gold
coated Kapton to provide a low emissivity  surface to reciuce radiation, and the
interior is covered with Ni coated  {!raptlito to provider a high emissivity  surface to
equalize temperatures. The Nicoaleci  graphite also provides EMI protection.
Nominal aerogel  thickness is 2!) mm for ttw sick; walls, and 32 mm for the
bottom wall. The solar array cc~nsists  of :1 hc)neycomb  sandwiclh  panel with a 32
mm thick glass-epoxy covered solid actogel  plug wtlich fits into the top of the
WEB. The honeycomb cells directly  :ibcILIe the WEE{ are also filled with aerogel.
Another design feature of the W[ t! [s llle catde  turlnel,  1 he role of the cable
tunnel seen at the front of the F{cwcr  irl f igure 1 is to provide acjditional  thermal
insulation for the cabling that musi  [EISS.  from the interior electronic to exterior
components. Loss down the c:atlle~ is d[ycroased by a factc)t  of 15 by providing
insulation over a much Ionget Iellgtli of the cable than wcmld  be obtained by a
direct pass through, shifting ttli cfi!~le heal loss r[wctmnism t o  c o p p e r
conductance instead of cor]chjctarme  ttlrough the ‘1 eflon wire insulation, The
insulation in the cable tunnel collssts of Eccc}foam  polyurethane foam. The
cable tunnel provides a 0.5 n)[!ter llrisul(~led  pattl.

The solid silica aerogcl pcrf(}rllis  i~s the rnair] thermal insulation, with the
thermal design tailored to mirlin]izc ho:ll loss through the vor-tical  spars. The
sil ica aerogel was manufac!urcd at ttw Jet t’topulsion  Labc]ratory (JPL) at a
density of 15-20 mg/cc (0.94 -1 .2{, Ildft’<).  To rcducc interrlal radiation, a 5 mil
gold coated kapton film was [)lw:cd I]otwe(}rl the two layers of solid silica



aerogel to act as a radiaticm tmtrior. ‘[ tle sc)lid aerogel used in the Mars Rover
is hydrophobic, and has goc)ci rrloc:harlical  st]ock rosistanc:o.  ~-he open cavity
sheet and spar design was diclatcd by the mecharlical  properties and handling
ability of the aerwgel. While Ihc aorogel can nwchanically  withstand the
loading from launch vibraticm  and shock from the hflars surface landing when
constrained within the walls, it is osserltially a brittle-rubbery material at the low
densities used in the Mars f’{c~ver. The material has good compressive
properties, but low shear slrongth.  “1 Ilis necessitated that the WEB be built
around the aerogel in a sec{uenlol n~onncr.  F’ully assembled, the WEB has
sufficient strength and stiffness to rn(.ot a 75 G launch and impact design
requirement while supporting dclit:ale lrlternal  electronics and external sensors,

One aspect of the srwll si~e arid volume of the Mars F{over design is
that interior components sL)ch as tl~fr structural  axle tube span from side wall to
side wall to provide mecharlical $Iifiening.  1 he Slf’LJCtUf’d  axle provides the
mechanical attachment f)cjil~t  for tt~c rocker-bclgie  wheel assembly  and
transmits most of the WEB’S Iaurmtl  arid landing f;tructural  Ic)ads, and houses
the RHU’S.  [t is designed out cd gl;ss-ef~oxy  to meet  structural requirements and
minimize conductive losses. At(;:cl]nl~:rlts  to the walls are through thermally
isolating composite fittings. TIIC d[sign feature c]f chrectly  attaching components
to the walls was utilized to irltegrtdo  ttm interic)r cc]mponerrts  with the structural
design. The RHU’S in the struclur;~l  axial tuhc provide a constant heat source,
Three sets of battery tubes arc attiwhwi  adjacent to this axial tube as shown in
Figure 3. This provides a col]stnrlt  heating sourcm to maintain the batteries
within the specified temperatures wtlerl on tho surface of Mars.

To prevent the overheating cd the rover duririg cruise, a direct thermal link
from the RHU’S was incorpc)rated into the tllerrnal cksign. As illustrated in
Figure 3, there is a direct conciucllvc  p;]ltl from the structural axis tube to the Y-
pin structural support. 1 h~? path if-, via an aluminum clamp which is bonded to
the structural axle tube with silvcrfilleci  epoxy and mechanically attached to the
aluminum accelerometer tray. C(jl)pl{[i  to th[: ac(;cleronietcr  tray is a copper
braided strap which attached tc) :], s[~ring  tensioneci  Y-pin. ‘1 he tensioning spring
provides 10 lb. of contact force tc) lrr]ati~lg surface. ‘“l hermal contact resistance is
reduce by having Chotherm 1179 twtween ttle Y. pin arrcj the mating surface,
This lander mounted surface is con[iuctivcly  coupled to the Lander active
cooling loop (1) to dissipates a[)[)ro>imately  2 watts cc~ntinuously  during the
cruise stage of the mission. Wlwrl  tile Fiover  arrives al Mars, it stands up on its
rocker-bogie  mobility system (G to 3[1 hours after Iandin(])j  and breaks the
thermal contact with the Iandct (:cdd finf?er.

The mobility system c:onsIsts  (d six inciependently  driven wheels and
steering mechanism. In total, there aIc 10 independent mcltor  assembles, six
wheel motor drives and fcmr stt:ering  motors on the exterior of the Rover.
Though these motors can functiorl  at tt}c cold temperatures on the Mars surface,
their power requirement irlcrensrs  du(! to the increase in parasitic torque’s as



temperature decreases. Ttm rl]clsl  ~mv:or  efficient concept for mobility to heat
the motors to -20 to -40 ‘C via iwlepcndent  film heaters during operation.
Heating to the motor assernblios  arlcl cjrlving tlw rover account for 15°/0 and 8 0/0

of the expected daily power utilizalic~tl, This is arl approxinlate  value, since
selection of the daily activities or I the surface is flexible. 1 here is also a motor
drive mechanism on the APXS wtlictl II(:s its owrl independent film heater. The
cameras and laser assemblies oporate ~:t  the arnbiont  surface conditions.

Qua Iific ation Testing

The Mars Rover de.sigtl tlas twen extensively tested, both for its
mechanical and thermal ~wrforlnanc:c These tests  were conducted at an
engineering model level artcj at a fli<ght System Integration Module (SIM) level
and compared to the thermal ri~c)del  [)rcdictions. F-ieference  7 describes the
engineering model testing arid restllts,  and provides a brief overview of the
SINDA thermal mociel.  The Slhl q~lalifi(:; ltion testir~g  will bc discussed here.

The objectives of the tests were to denlonstrate  Flover thermal design in
keeping all components withirl  clltical o;~erating and non-oporating  ranges in a
realistic transient test envirorlnlcrlt ‘ I tle SIM  tes t ing  was  a l so  in tended t o
demonstrate Rover functional pcrformarlce and to qualify related components
concurrently in the thermal c:oricjlti(~rls provided by the Pathfinder Rover in
applied Martian nominal environn~erlts The Hovor  SIM Qualification testing
was conducted in the 10’ vcrtic:(l  ttl[lrmal vacuum test chamber. The test
hardware were mounted inside  \vitti [i wind {!encrator  system placed on the
chamber end-bell. ‘This is illustrotcd in i lgure 4. In additiorl  to the chamber cold
shroud there were three heat [xch;~[]ger  plates to simulate the ground
(mounting plate), the solar/sky crlvirc)rlment  (sky plates) aricj a compensator
plate to correct the gas ternpcratut IC “I tie Rover SIM unit was situated on the
mounting plate. The Rover solw i~rray,  when deployeci,  was located about 12
inches underneath the sky plaicsl wtl. ch consists of a copper (5’x3’) and a
stainless steel plate (5’x1’) (;orlrlectcd ~n series. [luring  the initial phases the
Rover, in the stowed mode, restcci  l.j~wr~  ihe Y-~)in, which was connected to the
fluid loop cold finger. TO sirnulat[  Mot:,  surface conditions, nitrogen at 8 torr
was substituted for carbc)n dlo>. ide, Np has a higher effective thermal
conductivity in those conditior)s,  but tcs!ing Iirnitatic)ns  with the chamber (such
as icing) prevented the use of (X)p,

The wind generating systcrn  corl[lsts  of a 30” fan, a 5- hp motor, a motor
housing with a ferrofuildic  feedll]!ou{ltl,  a motor cool ing system, a f low
straightener and supporting struclur{:.  ‘1 11[ front end (+ X) of the SIM unit faced the
fan. The two reference plates v~[re s:jspendcci  abcwe the I{over solar array
near the middle of the flow str{zrl~, (, Gc)ld reference plate in front). The
Engineering Model of the l’athflrl(iel  Wind Serlsor (AS1/ME “f was mounted in
front of the Gold reference plate to mor~i:or wind spceci.



The SIM QUAL testirlg  Ilid Iwo distirmt phases: A) SIM-Q1, --wind
calibration followed by a steady  stale  Illormal-vacuum  testing representing the
cruise stage near Mars before It]nding, (B) SIM-Q2,  for a nominal transient
operation (including the desigrl corditlclns  for wincj,  sky and solar) beginning
with the Rover in the stowed  posillc)rl (~r I the Lander petal for 24 hours before
deployment , followed by 2 c~ays cd simulated ground operation. The test
process was planned to be a sindalion of the real fli~hl operation starting at the
landing on Mars at 3:00 AM. ‘1”110 t(~sl  d;iy was however’, shortened to 24 earth-
Iength hours (instead of 24.66 tmurs),  Basically, the testing consisted of four
independent but coordinated c]p(~t~itior]s: (1) flover functional operations which
control the power dissipaticjrl  at the l{over components (CPU/F)ower board,
Modem, motor actuators, AF)XS cl[:clrorl~c  and currenl-lirnitor),  (2) chamber and
environmental heat exchan~ets, (3) wind generator and (4) F{HU & Y-pin
heaters and reference-plate Im{:,t[rs, ‘[ he coordinatic)rl  of those activities were
based on a pre-determined  tinlc-evcrlt  :.checjulc.

The second phase of tile t;llvl  Icstirlg cvalualed  the first day on Mars,
followed by a simulated period of groufld operation. During Ihe test the Rover
performed a number of pre~)r(~[~rf:rllrl~[:({  tasks, incluc~ing  autc]nomous  wakeup
/shutdown and unstow.  T“he wind apparidus  was operational for the first 26 hrs
of the test, then the motor drive rllt.cti;]tllsm failed. l“he effective wind near the
reference plates was 1.0 m/s arid wIas nominally 0.6 m/s in the zone adjacent to
the rover. These wind speed wore detorminod based cm the calibration of the
wind sensor. As expected It]{? exlcrlor  components cjirectly  followed the
simulated diurnal temperatures, f igur~’ 5 shows the internal temperatures for
the RHU, the center of the axle tlllm  arid the Y-pin fitting compared to the model
predicted results. Figure 6 stlow:+  Itle Iemperiduros  for several of the interior
electronic components comparod 10 lIu: mockl results. The modern was turned
on for two separate intervals durirlfl I hi:. phase cjf the test.  The impact of forced
convection (due to wind) or] tho Cf)U Icrllperature  is approximately 3 degrees C
in the stowed condition.

The next phase of the tcstitlg wa: after the rover stood up and simulated
daily ground operations, Mocicl  atld te!.1 results for the interior components are
shown in Figure7.  The CPU/Povwr bc~;}rd  dissipated arounci  3.77 watts during
most of the Rover operating pcfiods twtween wake-up anti shut down. The
small thermal masses cause these irltclor  cc)rn~)onents  (except the batteries) to
follow the WEB interior tempctatLlrc  urlless being heated separately. This is
especially true for the rnoderrl. It re:~loncied very rapicjly to heater power
dissipation. However, once Itlc cxtert]al heatin{] is removed, the modem
temperature dropped rapidly an(i r[)tljrt~cd  to a temperature level in equilibrium
with the WE;  B interior, T“hc effect  of ttlc wind is best illustrated by Figure 8,
which shows the model results for th(: CPLJ board with ard without the fan
failure. The analytical predictions assufne  identical environmental conditions
except the wind level. It can bc sccrl th;il  a steaciy  wind of O.fi  m/s (at the Rover
level) would shift the CPU ter~lpertit(jro Iowcr by about 7 to 8 degrees C. The



effect of the wind is to produce irdclrlal  ttwrmo.1  gradients which procluce
convective currents within the VW H.

The thermal design for small rovers for Marf; exploration is a challenge
due to mass, volume and pcnvct  llrlrit;  ~tions. l-he design for the Mars rover
meets this challenge by mirlin~izirl{l  heal losses, prcwiciing  for a continuous heat
source with 2.9 W from RIHU’S ami using Ic)w conciuctivity  silica aerogel in an
integrated structural design. (;onliictir~{]  system requirements necessitate the
integration of a thermal path to rerrwve internal heat cjuring the cruise mission
phase, that becomes significant twit loss source during the initial landing
operations. For surface operation:, th[: therrrml design is robust and meets all
system requirements with significard  nmryin. The Mars rover has been built and
has completed all system level testing, (kr]d  will be Iaunchecj  in December 1996
for operations on Mars in July 199’1.
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Figure 1, A picture of the full rc)vc:r  syst(:rn
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